Because of the high fraction of refractory material present in comets, the heat produced by the radiogenic decay of elements such as aluminium and iron can be high enough to induce the loss of ultravolatile species such as nitrogen, argon or carbon monoxide during their accretion phase in the protosolar nebula. Here, we investigate how heat generated by the radioactive decay of 26 Al and 60 Fe influences the formation of comet 67P/Churyumov-Gerasimenko, as a function of its accretion time and size of parent body. We use an existing thermal evolution model that includes various phase transitions, heat transfer in the ice-dust matrix, and gas diffusion throughout the porous material, based on thermodynamic parameters derived from Rosetta observations. Two possibilities are considered:
Introduction
Radiogenic heating has played a major role in the evolution of small bodies in the early solar system (Shukolyukov & Lugmair 2002; Formisano et al. 2013) . Given the fact that short-lived nuclides such as 26 Al and 60 Fe were present in these bodies, they may have constituted a major heat source for metamorphism, melting, and differentiation in asteroids (Grimm & McSween 1989; Ghosh & McSween 1998; McSween et al. 2002; Huss 2004; Monnereau et al. 2013a) . Radiogenic heating may have generated temperatures high enough in the interiors of Kuiper Belt Objects to crystallize amorphous ice, the melting of water ice and the loss of ultravolatiles (Choi et al. 2002; De Sanctis et al. 2001; Merk & Prialnik 2003 , 2006 Prialnik et al. 2008; Guilbert-Lepoutre et al. 2011) . The influence of radiogenic heating has also been explored in comets. It was found that these bodies had to accrete over several Myr before reaching their final sizes to retain their amorphous ice, assuming they agglomerated from this solid phase (Prialnik et al. 1987; Prialnik & Podolak 1995) .
Radiogenic heating could have even been at the origin of the oligomerization of molecules such as HCN and NH 3 to form amino acids (Yabushita 1993) . The nitrogen deficiency observed in these bodies could result as well from the internal heating engendered by the decay of 26 Al and 60 Fe present in the refractory phase . Meanwhile, formation delays of several Myr after the formation of Ca-Al-rich Inclusions (CAIs) in the protosolar nebula (PSN) have been invoked to maintain the presence of carbon monoxide in comets with sizes similar to that of Hale-Bopp Monnereau et al. 2013b ).
Dynamical simulations representing the collisional evolution of planetesimal disks suggest that the Jupiter Family Comets (JFCs) are predominantly fragments resulting from collisions experienced by larger parent bodies (Davis & Farinella 1997; Schlichting et al. 2013; Morbidelli & Rickman 2015) . On the other hand, based on differences observed between Trans-Neptunian Objects and comets (presence of aqueous alteration in larger bodies, differences in degrees of compaction, etc.), Davidsson et al. (2016) recently proposed that comet nuclei correspond to primordial rubble piles rather than being fragments of collisions.
Here, we investigate how heat generated by the radioactive decay of 26 Al and 60 Fe influences the formation of comet 67P/Churyumov-Gerasimenko (67P/C-G), as a function of its accretion delay (after CAI formation) and size of parent body. To do so, we use a thermal evolution model that includes various phase transitions, heat transfer in the ice-dust matrix, and gas diffusion throughout the porous material, based on Marboeuf et al. (2012) and on thermodynamic parameters derived from Rosetta observations. Two possibilities are considered: either, to account for its bilobate shape, 67P/C-G was assembled from two primordial ∼2 kilometer-sized planetesimals, or it results from the disruption of a larger parent body with a size corresponding to that of comet Hale-Bopp.
2. Thermal evolution of 67P/C-G
Nucleus model
We use the one-dimensional thermal evolution model presented in Marboeuf et al. (2012) , which has been previously utilized to depict the formation of pits on the surface of 67P/C-G (Mousis et al. 2015) and to characterize the subsurface of the ESA/Rosetta descent module Philae landing site (Brugger et al. 2016 ). In this model, the nucleus consists of a sphere made of a porous mixture of water ice and other volatile molecules (in both gas and solid states), along with dust grains in specified proportions. The model describes heat transfer, latent heat exchanges, all possible water ice structures (crystalline ice, amorphous ice, and clathrate) and phase changes (amorphous-to-crystalline ice transition, clathrate formation from crystalline or amorphous ice and crystalline ice formation from clathrate destabilization), sublimation/recondensation of volatiles in the nucleus, gas diffusion, gas trapping or release by clathrate formation or dissociation, as well as gas and dust release and mantle formation at the nucleus surface.
The model computes the time evolution of the temperature distribution by solving the heat diffusion equation:
where T is the temperature (K), t the time (s), r the distance (m) from the center of the body, ρ the mean density of the nucleus (kg m −3 ), c its mean specific heat (J kg −1 K −1 ) and
) of the porous matrix. Q corresponds to the amount of power per unit volume (J s −1 m −3 ) supplied to or released from the porous matrix. This term can be broken down as follows:
with Q g the global power per unit volume resulting from the different phase changes experienced by molecules at the surface of the pores (condensation, adsorption or sublimation), Q cr the power per unit volume released during the crystallization of amorphous ice, Q ga the power per unit volume exchanged between the different molecules in the gas phase, which diffuse within the solid matrix via its porous network, Q cl the power per unit volume released/taken up during the formation/dissociation of clathrate cages, and Q rad the power per unit volume released by radiogenic heating within the matrix. Except for the term Q rad , which has been added to the model and is described below, we refer the reader to Marboeuf et al. (2012) for a full description of the model.
Radiogenic heating
We assume the presence of the short-lived nuclides 26 Al and 60 Fe in the dust fraction considered in our model. The power per unit volume supplied to dust by radioactive decay can then be quantified via the following relation:
with ρ d the dust density (kg m −3 ), X rad (t D ) the mass fraction of a radioactive isotope in the dust assuming a given formation delay t D of the nucleus after CAI formation, H rad the heat released per unit mass (J kg −1 ) upon decay and τ rad the mean lifetime (s). Decay during the formation delay t D results in a decrease of each nuclide's initial abundance:
with X rad (0) the initial mass fraction of each nuclide. Q rad is then derived from Q rad dust as a function of porosity and dust-to-ice ratio. Our thermal evolution model does not account for the growth of the body during its accretion phase. Consequently, the nucleus accretion time is assumed to be small compared to t D . The computation of the thermal evolution starts at time zero after the delay t D , from an initial temperature of 30 K, which corresponds to the surface temperature of a planetesimal orbiting the Sun at a distance of ∼85 AU. No additional accretional heating is accounted for.
Parameters
Our computations have been conducted under the assumption that 67P/C-G results from the merging of two lobes originally formed separately (Davidsson et al. 2016 ).
Therefore, two extreme body sizes have been considered. In the first case, we assumed that these lobes are primordial and reached their current sizes at the end of their accretion.
We then used an average value inferred from the measured sizes of 67P/C-G's lobes. In the second case, we postulated that these lobes originated from the disruption of larger bodies (Morbidelli & Rickman 2015) . Consequently, we adopted a generic Hale-Bopp-like size for the body under consideration, a value close to the average sizes of P-and D-types asteroids as well as of Jovian Trojans, which are good candidates for comets' parent bodies • Mixed model. The icy phase is made of pure solid water distributed half as pure crystalline ice and half in clathrate form. Clathrate destabilization is simulated without any volatile inclusion in the cages; the latter weakly affects the energetics of the destabilization process.
• Amorphous model. The icy phase of the nucleus is exclusively made of pure amorphous water ice.
Water is the only volatile species considered in our model, allowing the computational time of each simulation to be significantly reduced (days vs. weeks/months for some simulations). Finally, two values of dust-to-ice ratios, namely 4 and 1, have been investigated in our simulations. The higher and lower values correspond to those measured in 67P/C-G (Rotundi et al. 2015) and assumed in the case of a more primitive body, respectively. Table   1 displays the key parameters used in our simulations. Other structural and thermodynamic parameters are given in Marboeuf et al. (2012) .
Results
Here, we have considered that the icy matrix made of clathrate and pure crystalline ice starts to devolatilize at temperatures higher than ∼47 K in the mixed model, which is the average clathrate formation temperature found in the PSN that matches the volatile content of 67P/C-G . In the amorphous model, the icy matrix starts to devolatilize at temperatures higher than 130 K, corresponding to the crystallization temperature of amorphous water (Bar-Nun et al. 2007 ). The vastly different devolatilization temperatures imply that comets made from amorphous icy grains allow shorter formation delays than those made from crystalline ices and clathrates in the PSN to preserve their volatile budget.
Figures 1 and 2 represent the time evolution of the thermal profile within a body with a radius of 1.3 km 1 in the cases of the mixed and amorphous models and for dust-to-ice = 1 and 4, after formation delays t D of 0, 1, and 2 Myr. For the sake of clarity, we defined a non-dimensional radius r * , corresponding to the value of r/R with R the total radius of the object. The two figures show that the body is warmer at a given epoch when the dust-to-ice ratio is set to 4, of course resulting from the larger mass fraction of the radioactive nuclides. In the case of the mixed model, the body becomes depleted in volatiles from the center up to r * = 0.98 (0.99), 0.95 (0.98), and 0.85 (0.95), assuming a dust-to-ice ratio of 1 (4), and for t D = 0, 1, and 2 Myr, respectively. These numbers can be translated in terms of volume fractions of preserved ices (outer shell of the body), which are 0.06 (0.03), 0.14 (0.06), and 0.39 (0.14) for the same values of dust-to-ice ratio and t D .
1 Jorda et al. (2016) found that the individual lobes could be fitted by elipsoids whose principal axes of inertia are 4.10 × 3.52 × 1.63 km and 2.50 × 2.14 × 1.64 km. Our assumed radius of 1.3 km is an intermediary value between those (∼1 and 1.5 km) inferred for each lobe, assuming they are fitted by spheres, and ignoring erosion. to match this criterion, the body must start its accretion at least ∼5.6 and 5.9 Myr after CAI formation for dust-to-ice ratios of 1 and 4, respectively, in the case of the amorphous model. Meanwhile, the accretion must start at least ∼7.3 and 7.7 Myr after CAI formation for dust-to-ice ratios of ∼1 and 4, respectively, in the case of the mixed model. The figure illustrates the obvious point that a larger body retains more heat than a smaller one because its heat dissipation is proportional to R 2 while the total radiogenic heat produced increases as R 3 .
Influence of accretion time span
Our thermal evolution model does not account for the accretion phase of the body.
However, the time span taken by accretion remains an unconstrained parameter that can also affect the thermal history of planetesimals. Accretion may be very fast for silicate bodies, spanning no more than 100 kyr in the case of the H parent body for instance (e.g. Monnereau et al. 2013a ). However, the growth timescale is expected to increase with the orbital distance (Kokubo & Ida 2000) .
While fast accretion yields bodies that experienced a uniform maximum temperature except within a superficial thermal boundary layer, slow accretion preserves a thicker mantle from heating by wrapping a smaller metamorphosed interior. We also investigated this effect through calculations with an energy conservation equation that takes into account accretion spread out over a long period (see Monnereau et al. 2013a for modeling details), but with the energy source term restricted to the radiogenic contribution Q rad ; i.e. without the complexity of phase changes for gas and ices. We found that the devolatilizated nucleus has almost the same radius for instantaneous accretion after a delay t D as for an accretional onset at CAI condensation and spanning a time τ = t D . More precisely, Figure 4 shows that bodies with a radius of 1.3 km (35 km) preserve 50% of their volume from devolatilization if τ > 2 Myr − t D (τ > 7 Myr − t D ), both relations being obtained for the mixed model with a dust-to-ice mass ratio of 4. As a consequence, the question of accretion delay of comets can also be posed in terms of accretion time span, since both processes and their interplay remain poorly understood.
Discussion and conclusions
Our computations support the conclusion that 67P/C-G's volatile content can either be explained via its agglomeration from building blocks originating from the PSN or from debris resulting from the disruption of a larger body having a Hale-Bopp size. Each composition case considered can be matched by these two scenarios via a particular set of plausible values for the formation delay t D and the extent of the devolatilized region.
Our calculations show that, to fully retain their initial volatile budget, the two lobes of 67P/C-G must have accreted in the 2.2-4.4 Myr range after CAI formation, depending on the adopted type of ice and dust-to-ice ratio, and assuming they assembled from building blocks originating from the PSN. If 67/C-G's lobes assembled from chunks issued from the disruption of a parent body having a size similar to that of Hale-Bopp, their accretion time is delayed to 5.6-7.7 Myr after CAI formation, based on similar assumptions. Because accretion occurring during a given time span induces a similar extent of devolatilization within the body as instantaneous accretion happening at the end of the time span (assuming the negligible effect of phase transition in one case), the aforementioned numbers also correspond to the accretion time taken by the comet/parent body to reach its current/original size.
Shorter formation delays (or accretion time spans) can remain consistent with the
Rosetta observations of ultravolatiles in 67P/C-G's environment, depending on the extent of the devolatilized region. In particular, thermo-physical models suggest that the comet could have lost a surface layer of up a few hundred meters thickness due to the accumulated activity during the course of its orbital evolution Keller et al. 2015; Rickman et al. 2015) , implying that the molecules sampled by the ROSINA mass spectrometer aboard Rosetta come from r * values relatively close to 1. Assuming that only the deeper layers of 67P/C-G were devolatilized due to radiogenic heating, the comet could have formed over shorter timescales. For example, Fig. 3 shows that, 67P/C-G's icy matrix remains pristine above a r * value of ∼0.8 if it agglomerated from primitive building blocks 0.5 Myr after the formation of CAIs, in the case of the amorphous model and with a dust-to-ice ratio of 1. At similar conditions, the mixed model requires that 67P/C-G agglomerated ∼2.3 Myr after the formation of CAIs in order to retain volatiles in the same top 20% of r * . For a Hale-Bopp class comet, the delays are much longer, ∼6.1 and 6.7 Myr in the cases of the amorphous and mixed models, respectively. If the dust-to-ice ratio ratio is much larger, the delays are increased even more. However, if 67P/C-G was made from chunks coming from the disruption of a larger parent body, these solids may have been well mixed after the collision and it would be impossible to know if the chunks come from the outer or inner layers of the parent body. Interestingly, it has been found that the deficiency of calcium measured by the ROSINA instrument in 67P/C-G, compared to CI and CV meteorites, could be explained by the presence of aqueous alteration (Wurz et al. 2015) . To investigate the influence of the entrapment of volatiles in 67P/C-G on its formation delay, we have performed a series of simulations restricted to a body with a 1.3 km radius and a dust-to-ice ratio of 1. Two distinct icy phases have been investigated. In the first case, the icy phase is made of half crystalline water and half CO clathrate, and in the second case, the icy phase corresponds to a mixture of amorphous ice with adsorbed CO.
In both cases, CO fulfills the full trapping capacity of the ice (∼10 and 17% of CO in amorphous ice and clathrate, respectively). In the first case, our simulations show that the progression of the devolatilization front behaves similarly to the equivalent case without CO within the body, the time difference being negligible. In the second case, we notice that the adsorption of CO in the amorphous matrix delays the progression of the devolatilization front by 0.3 Myr on average. This delay difference, due to the consideration of the CO sublimation latent heat during crystallization, does not impact our conclusions. Similar conclusions should be found in simulations of the thermal evolution of larger bodies.
The initial abundance of radioactive isotopes is crucial for evaluating the thermal evolution of comets and parent bodies. It is possible that 26 Al and 60 Fe have not been distributed homogeneously in the PSN (Krot et al. 2012) , implying that the nuclides abundances considered in our study are not correctly appropriated. Finally, the main conclusion of our work is that the question of the origin of 67P/C-G's building blocks remains unanswered. A sample return mission toward another JFC will be necessary to provide an insight, based especially on the investigation of the hydration level of the refractory material and the extent of radiogenic heating that took place in the body. 
